Selenium attracts increasing attention as cathode material for rechargeable lithium batteries due to its high conductivity and comparable volumetric capacity with sulfur. Microporous carbon spheres (MiPCS) are synthesized via a hydrothermal-annealing route followed by activation with KOH. The MiPCS are used as matrix for Se loading to form Se/MiPCS composite. Such composite delivers a high specific capacity close to the theoretical value of Se. In carbonate-based electrolyte, the capacity is as high as 733 mAh g With the ever-increasing portable devices and electric vehicles (EVs), state-of-the-art lithium-ion battery based on intercalation mechanism is not sufficient to meet the market technical demand due to its inherent low energy density, which is mainly restricted by the low capacity of the intercalation cathode materials [1] [2] [3] [4] . To address this issue, new electrode materials and advanced next-generation lithium battery systems that can provide higher energy density have been continuously explored. Among them, lithium-sulfur battery has been paid much attention due to high specific energy density, which may provide 2−5 times energy density of current commercial systems [5] . However, lithium-sulfur battery suffers from insulating nature of sulfur and high dissolubility of the intermediate polysulfides, resulting in low sulfur utilization and poor cycle life [6, 7] . Lots of efforts have been devoted to overcoming the above problems and remarkable improvements have been achieved, such as confining sulfur into porous carbon matrices [8] [9] [10] [11] [12] [13] higher than 1000 mAh g −1 (calculated based on elemental sulfur) and the cycle life over 500 times. However, for sulfur system, the contradiction always exists between the energy density and the electrochemical performance: the higher the sulfur utilization, the lower the sulfur content is; the better the cycle stability, the lower the sulfur content is. Low sulfur content greatly reduces the overall volumetric capacity and energy density of the cathode. Thus, the practical application of lithium-sulfur battery is still impeded by the intrinsic drawbacks of sulfur.
With the ever-increasing portable devices and electric vehicles (EVs), state-of-the-art lithium-ion battery based on intercalation mechanism is not sufficient to meet the market technical demand due to its inherent low energy density, which is mainly restricted by the low capacity of the intercalation cathode materials [1] [2] [3] [4] . To address this issue, new electrode materials and advanced next-generation lithium battery systems that can provide higher energy density have been continuously explored. Among them, lithium-sulfur battery has been paid much attention due to high specific energy density, which may provide 2−5 times energy density of current commercial systems [5] . However, lithium-sulfur battery suffers from insulating nature of sulfur and high dissolubility of the intermediate polysulfides, resulting in low sulfur utilization and poor cycle life [6, 7] . Lots of efforts have been devoted to overcoming the above problems and remarkable improvements have been achieved, such as confining sulfur into porous carbon matrices [8] [9] [10] [11] [12] [13] or conductive polymers [14] , surface coating [15] [16] [17] [18] [19] , electrolyte optimization [20] [21] [22] and cell configuration redesign [23] [24] [25] [26] [27] [28] . Some nano-architectured sulfur composites have been reported to exhibit specific capacity higher than 1000 mAh g −1 (calculated based on elemental sulfur) and the cycle life over 500 times. However, for sulfur system, the contradiction always exists between the energy density and the electrochemical performance: the higher the sulfur utilization, the lower the sulfur content is; the better the cycle stability, the lower the sulfur content is. Low sulfur content greatly reduces the overall volumetric capacity and energy density of the cathode. Thus, the practical application of lithium-sulfur battery is still impeded by the intrinsic drawbacks of sulfur.
Selenium (Se) , the congener of sulfur, has a similar (de) lithiation mechanism to sulfur, which can be described as [29] :
Se + 2Li
Based on the above reaction, the theoretical capacity of Se is 675 mAh g −1 . Although it is much lower than that of sulfur (1672 mAh g −1 , provided full reduction of sulfur to sulfide), the high density of Se (gray, 4.81 g cm −3 ), which is almost 2.4 times of sulfur (2.07 g cm −3 ), offsets this disadvantage and provides comparable volumetric capacity (3266 mAh cm −3 ) with sulfur (3461 mAh cm −3 ). Furthermore, the electronic conductivity of Se (1 × 10 −3 S m −1 ) is more than 20 orders of magnitude higher than that of sulfur (5 × 10 −28 S m −1 ) [23] , which means higher active material utilization and better rate performance. Pioneering work carried out by Abouimrane et al. [5] shows that bulk Se has moderate cycling stability, but only delivers a limited capacity, indicating a low Se utilization. However, if Se is confined in porous carbon matrix, a largely enhanced capacity and excellent cycle stability can be achieved [30] [31] [32] [33] . Meanwhile, it is suggested that cyclic Se 8 is converted into chain-like Se n after the first charge, and the chain structure maintains in the following cycles. Sustainable stability of the cathode may attribute to strong affinity between chainlike Se and carbon [30, 32] .
Up to now , porous carbon materials used in previous research are always complicated to synthesize and Se load-LETTERS SCIENCE CHINA Materials ing is low. Furthermore, it is still not clear which kind of electrolyte is proper for such materials. In this work, we report a high-performance Se composite confined within microporous carbon spheres (Se/MiPCS) prepared by a facile method. The microporous carbon matrix can not only improve the Se utilization and rate capability because of the high conductivity, but also prevent the side reaction between the selenium anion and the electrolyte due to the microporous structure.
The experimental process (see Supplementry information) is illustrated in Fig. 1 . The microporous carbon spheres ( MiPCS) were synthesized by a hydrothermal-annealing approach, followed by activation with KOH [34] . Selenium was infiltrated into pores of MiPCS via a twostep heating method. Fig. 2a shows the scanning electron microscopy (SEM) image of MiPCS. It can be seen that 
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the carbon particles are highly monodispersed with average size around 740 nm (Fig. 2g) . The micropores can be clearly identified from transmission electron microscopy (TEM) image (Fig. 2c) , and further characterized by type I nitrogen adsorption/desorption isothermals ( Fig. 2h ) [8] .
The pore size distribution is mainly around 0.54 nm (inset of Fig. 2h ). With selenium infiltrated into carbon pores, the morphology of the carbon spheres maintains and the surface still keeps smooth, indicating that all Se particles are well confined within the pores. , respectively. Thus, the largest theoretical loading of Se is 72% calculated according to the density of Se (4.81 g cm − ³). The actual Se content in Se/MiPCS is 62% determined by thermogravimetric (TG) analysis (Fig.  3c) . The free space can help to tolerate the volume expansion during cycles so that the structure collapse can be alleviated. Fig. 3a shows the X-ray diffraction (XRD) patterns of Se, MiPCS and Se/MiPCS. For MiPCS, two characteristic peaks of carbon appear at around 24° and 43°. All diffraction peaks of Se disappear after being infused into the pores of MiPCS, indicating good dispersion of Se in MiPCS. Raman spectra (Fig. 3b) of Se show three peaks at 142, 236 and 460 cm −1 . The peaks at 142 and 460 cm −1 are identified as the ring structure of Se, while the peak at 236 cm −1 represents the chain structure [33] . No peak is found in the Raman spectra for Se/MiPCS, which also indicates that all Se particles are well diffused into pores of carbon after the two-step heat process.
The electrochemical properties of Se/MiPCS were investigated in two different electrolytes: carbonate-based electrolyte with 1 M LiPF 6 in a mixture of ethylene carbonate (EC), ethyl methyl carbonate (EMC) and dimethyl carbonate (DMC) (1/1/1, v/v/v), and ether-based electrolyte composed of 1 M lithium bis(trifluoromethane sulfonyl) imide (LiTFSI) in a mixture of 1, 3-dioxolane (DOL) and 1, 2-dimethoxymethane (DME) (1/1, v/v) with 0.2 M LiNO 3 as additive. The redox behavior of Se/MiPCS in the etherbased electrolyte is very similar to sulfur cathode, which shows two reductive peaks and one oxidative peak in the cyclic voltammogram (CV) curves (Fig. 4a) . The two reduction peaks at 2.15 and 1.95 V correspond to the reduction from Se molecule to polyselenides and then to the final reductive product Li 2 Se. The oxidation peak at 2.3 V can be attributed to the conversion from Li 2 Se to Se [35] [36] [37] . In the carbonate-based electrolyte, only one pair of redox peaks can be observed (Fig. 4c) , indicating the single phase transition of Se: the reduction peak at 1.75 V corresponds to the direct transform from Se to Li 2 Se; the oxidation peak at 2.2 V is attributed to the recovery of Se. Since the polyselenides are insoluble in the carbonate electrolyte [38] , the transition between Se and Li 2 Se is carried out by a solid-solid process. Figs 4b and d show discharge/charge profiles of Se/MiPCS in ether-based and carbonate-based electrolyte within the voltage ranging from 3 to 1 V. The profiles agree well with the corresponding CV curves. Se/MiPCS displays two discharge plateaus in ether electrolyte and one single discharge plateau in carbonate electrolyte. It can also be seen that the discharge voltage remains stable at about 1.9 V in the carbonate electrolyte during the cycles (Fig.  4d) , whereas the plateau in the ether electrolyte decreases from 1.95 V in the 1st cycle to 1.7 V after 20 cycles and continuously drops in the subsequent cycles (Fig. 4b) . It is interesting that the same Se/MiPCS cathode exhibits different electrochemical behaviors in different electrolytes, which should be ascribed to the different electrode process. The electrode reaction is carried out via a solid-liquid-solid mechanism in the ether electrolyte, while it undergoes a solid-solid phase transition in the carbonate electrolyte [5, 30] . The different charge-discharge mechanism can also be visually proved by checking the disassembled cells after 100 cycles (the insets of Figs 4b and d) . The inside of the cell became dark brown in the ether electrolyte, but no color change was observed in the carbonate electrolyte. T he Se/ MiPCS cathode with carbonate electrolyte maintains a ca- 

SCIENCE CHINA Materials
pacity of 515 mAh g −1 at 0.5 C even after 100 cycles and a capacity retention of 72.8%, which are much higher than those with ether electrolyte (151 mAh g −1 , 23.4%). Obviously, the solid-solid electrode process promises better cycle stability. The fast capacity decay in the ether electrolyte is mainly ascribed to the formation of polyselenides that can be dissolved into the electrolyte, leading to a serious loss of active material. Fig. 5a shows detailed cycle performance for the Se/ MiPCS cathode in the carbonate electrolyte at 0.5 C. The cathode delivers an initial reversible capacity of 707 mAh g −1 , which is slightly higher than the theoretical capacity of elemental Se. The excessive capacity may come from MiPCS. To verify this, the electrochemical performance of pristine MiPCS was tested. As shown in Fig. 5d , the pristine MiPCS delivers an irreversible capacity of ca. 60 mAh g −1 at the first cycle and the capacity keeps at 50-20 mAh g −1 in the following 4 cycles. Therefore, it can be inferred that all Se molecules confined in MiPCS are almost fully reduced to Li 2 Se, and the active material utilization reaches 100%, much higher than the sulfur system. After 100 cycles, a reversible capacity of 515 mAh g −1 is retained with coulombic efficiency always approaching 100%. Besides outstanding cycle stability, the Se/MiPCS cathode also shows excellent rate capability. As shown in and 5000 mA g −1 (12 C), respectively. When the current is tuned back to 50 mA g −1 after running at various rates, a reversible capacity as high as 646 mAh g −1 is regained, suggesting excellent cycling stability. Noticeably, a capacity of 353 mAh g −1 can be obtained even at a high current density of 5000 mA g −1 , which means that more than half of theoretical capacity can be recharged within 5 min. This superior rate capability is of great advantage for practical application for the Li-Se batteries. Electrochemical impedance spectroscopy (EIS) was further employed to demonstrate the stable performance of the Se/ MiPCS electrode. Fig. 5e shows the EIS spectra of the Se/MiPCS cathode before cycling and after 1, 5 and 10 cycles. Two semicircles in the high and middle frequency region, and a sloping line in the low frequency region are identified from the fresh cathode. After the first discharge/charge cycle, the semicircles in the high and middle frequency are merged into a single semicircle. Although the interpretation on the EIS curves for the Se/C cathode is still uncertain, the impedance curves after initial several cycles overlap with each other, indicating that the electrode is very stable during the cycles.
In order to gain insight into the capacity decay mechanism, the Se/MiPCS cathode was investigated by SEM and energy dispersive X-ray spectroscopy (EDX) before cycling and after 500 cycles, as shown in Fig. 6 . The cathode was cycled at a high current density of 4 C, which meant a fast volume expansion/shrinkage during discharge/charge. The calculated volume expansion is about 180% according to the theoretical densities of Se (4.81 g cm − ³) and Li 2 Se (2.0 g cm −3 ). We can see that some MiPCS particles are cracked after cycling due to the continuous large volume change, and the smooth carbon sphere surfaces become contaminated, where marked in red. The EDX results show large increase of "O" peak, a new peak of "F" and decrease of "Se" peak. The SEM and EDX results may imply some information for the solid electrolyte interface (SEI), which is formed through the reaction between selenide and carbonyl groups in the carbonate solvent [5, 32, 39, 40] . Nevertheless, no significant change or collapse can be found in the morphology of the cycled cathode, indicative of a robust structure of MiPCS, which is mainly responsible for the stability of the Se/MiPCS cathode.
In summary, we have synthesized M iPCS through a facile route and used it as a matrix for Se loading. A high Se content of 62.2% is attained in the Se/MiPCS composite. In the carbonate electrolyte, the composite delivers a high reversible capacity that reaches the theoretical one of Se, showing 100% utilization of the active material. The composite also exhibits high cycle stability and excellent rate capability. Interestingly, different electrolytes achieve different electrochemical behaviors for the Se/MiPCS cathode, demonstrating that their electrode mechanisms are 
